Abstract-A study exploiting dual-polarimetric X-band synthetic aperture radar (SAR) data to observe oil at sea is undertaken for the first time. The polarimetric model exploits the interchannel correlation between the like polarized channels. Accordingly, two parameters related to the interchannel correlation, namely, the amplitude coherence and the copolarized phase difference (CPD) standard deviation, are accounted for, and their performances, with respect to sea oil slick observation, are carefully discussed. Single-look Slant range Complex dual-polarized TerraSAR-X SAR data, in which both certified oil slicks and weak-damping look-alikes are present, are used to verify the efficiency of the proposed approaches. Results show the advantage of the CPD approach and the effectiveness of TerraSAR-X dual-polarized products for such application.
I. INTRODUCTION

S
YNTHETIC aperture radar (SAR) is the key sensor to observe oil at sea, therefore to observe illicit vessel discharges, to support an early warning system, and to support law enforcement [1] - [3] .
In simple terms, oil at sea damps the Bragg waves and reduces the friction velocity, generating a low backscatter area which, in the SAR image plane, appears as a dark area. However, there are other natural phenomena (e.g., biogenic slicks, ship wakes, low wind areas, etc.) which, producing dark areas in SAR images [2] , make SAR oil slick observation a very nontrivial task [2] , [3] . In fact, although low wind areas can be easily sorted out by employing external or SAR-based wind information, natural look-alikes (LAs) (e.g., biogenic slicks, ship wakes, etc.) are more difficult to be distinguished from oils and cause the primary source of false alarms.
With this respect, the extra information provided by SAR polarimetry (PolSAR) has been recognized to be of special interest in the case [4] . A full-polarimetric SAR transmits and receives both horizontal (H) and vertical (V) linear polarized electromagnetic fields, and therefore, at each resolution cell, the 2 × 2 complex scattering matrix is measured. Although full-polarimetric SARs are advisable in many geophysical applications, there are hardware and budget considerations that sometimes lead to design a simpler SAR: the dual-polarimetric SAR. In this case, only two elements of the scattering matrix are measured. Typically, they are the two copolarized channels, i.e., the VV and HH ones.
The suggestion to exploit PolSAR for oil slick observation was demonstrated to be true in [5] - [15] . In particular, in [5] and [6] , a new physically based approach was first proposed and tested to exploit dual-polarimetric SAR data. It is physically based on the different backscattering behavior of the oil and natural slicks which call for different correlation between the copolarized channels. In fact, oil discharged at sea has strong damping properties, while natural slicks typically have light damping properties. Accordingly, the copolarized phase difference (CPD) procedure [5] , [6] was implemented to exploit the correlation between copolarized channels and successfully tested over a large data set of C-band [5] , [6] and L-band [7] SAR data. Preliminary encouraging results have been obtained at X-band [8] .
It is important to underline that the extension of the procedure to other bands out of the C-band is not straightforward. In fact, in the literature, it was first mentioned that L-and X-bands were not suitable for oil slick observation [16] . In this paper, for the first time, CPD is exploited over X-band SAR measurements, and this has a paramount operational relevance because of the new X-band SAR constellations, namely, TerraSAR-X and Cosmo-SkyMed.
Furthermore, in this paper, in order to best apply the physical CPD approach, a detailed analysis on the estimation of the interchannel correlation is first accomplished. Two operational attractive estimation procedures are theoretically analyzed, and their comparative performances on real data are evaluated.
Experiments undertaken over TerraSAR-X Single-look Slant range Complex (SSC) dual-polarized StripMap data, in which both certified oils and LA are present, show the robustness of the polarimetric model in describing X-band polarimetric scattering with and without surface slicks and the superiority of the CPD standard deviation approach for polarimetric sea oil slick observation purposes. Results demonstrate the important role of dual-polarimetric TerraSAR-X product for such application.
The remainder of this paper is organized as follows. Section II describes the polarimetric model, experimental results are shown in Section III, and the conclusions are drawn in Section IV.
II. POLARIMETRIC MODEL
In this section, the model developed in [5] and [6] is reviewed, and two estimators of the interchannel correlation are introduced and discussed.
The polarimetric electromagnetic model which is the basis of this paper predicts a Bragg (non-Bragg) scattering behavior in accordance with a high (low) interchannel correlation between the copolarized channels [5] , [6] . The high interchannel correlation between the copolarized channels is able to observe oils discharged at sea, getting rid of the primary class of LA characterized by weak-damping properties [5] , [6] . In order to implement the model, an estimation of the interchannel correlation between the copolarized channels must be implemented. In this paper, two different estimators are analyzed and compared for the first time.
The estimation of the interchannel correlation between the copolarized channels is a nontrivial problem, and various methods have been developed [17] . It is straightforward that, to take full benefit of the model, a viable and robust estimator is a key issue. In fact, it has theoretical and applicative importance for the design of a reliable processing chain.
A first estimator of the interchannel correlation can be provided by HH-VV amplitude coherence ρ often used in SAR interferometry [18] . If we say thatρ is the complex coherence of the like-polarized channelṡ
where ϕ is the mean phase of the complex coherence,Ṡ hh andṠ νν are the complex HH and VV scattering amplitudes, respectively, and E[ ] is the expectation operator [17] . Once ergodicity is invoked, ρ can be estimated by replacing the expectation operator with an N × N spatial averaging window to compute the coherence amplitudeρ. Statistical analysis ofρ has been described in [17] and [18] , and its first moment E[ρ] at variance for looks equal to L is given by
A plot of (2) is shown in Fig. 1(a) , where it must be noted that E[ρ] is biased particularly for low ρ values and this bias decreases with increasing L. A second estimator of the interchannel correlation can be provided by the standard deviation of the CPD given by
where ϕ hh and ϕ νν are the arguments of the complex HH and VV scattering amplitudes, respectively. Once ergodicity is invoked, the standard deviation of ϕ can be estimated through a similar N × N window averaging to getσ. The CPD probability density function (pdf) at variance for looks equal to L has been derived in terms of the complex coherence [19] - [21] 
where P (·) is the Legendre function of the first kind, Γ(·) is the Gamma function, and β = ρ cos(ϕ − ϕ).
A plot of (4), for L = 1, ϕ = 0, and varying ρ, is shown in Fig. 1(b) . In general, (4) becomes narrower when either L or ρ increases. The parameter ϕ determines the most likely phase (i.e., the location of the mode) which, here, is also the mean phase [5] , [20] , [21] .
When ρ tends to zero (HH and VV channels uncorrelated), the pdf tends to a uniform distribution, while for ρ approaching to one (HH and VV channels fully correlated), the pdf tends to a Dirac delta function. Moreover, for 0 < ρ < 1, the CPD pdf resembles a Gaussian bell with a mean value ϕ and a standard deviation σ inversely related to ρ [19] - [22] .
To analyze the effectiveness of the proposed estimators, they are compared with their corresponding Cramer-Rao (CR) bounds. A CR bound gives a lower bound on the variance of any unbiased estimator; hence, an estimator is efficient when it achieves the bound. CR bounds forρ andφ [22] 
The standard deviations of the ML estimations of ρ and ϕ are compared with the proper CR bounds in Fig. 2 (a) and (b), respectively. It can be noted that, for low coherence values (ρ < 0.3),φ provides an efficient coherence magnitude estimation, while for high actual coherence values (ρ > 0.5), the efficient estimator isρ. It is now important to read the previously developed polarimetric model, whose key feature is the interchannel correlation, in terms ofσ andρ, focusing on their performances with respect to sea oil slick observation.
A slick-free and weak-damping slick-covered sea surface, calling for a high interchannel correlation between the copolarized channels, is expected to be characterized by the following (see Table I ): 1) narrow CPD pdf and, therefore, lowσ values; 2) highρ values.
An oil-covered sea surface, calling for a low HH-VV correlation, is expected to be characterized by the following (see Table I ): 1) broaden CPD pdf and, therefore, highσ values; 2) lowρ values.
As a matter of fact, the two proposed estimators are expected to be both able to observe oils and to distinguish them from weak-damping LAs. Sinceρ has been shown to be biased for low ρ values, the approach based onσ is expected to perform better. 
III. EXPERIMENTS
In this section, some thought experiments are presented and discussed to demonstrate the soundness of the proposed model even in X-band and to compare the two interchannel correlation estimators over real data. The data set consist of SSC TerraSAR-X dual-polarization SAR data in which both certified oil slicks and weak-damping LAs are present.
The SAR instrument on board the TerraSAR-X satellite is designed to work in different modes and polarizations (single/dual polarization modes for basic products and quad/twin polarization modes for experimental products) with different swath coverage, incidence angle, and resolution. The TerraSAR-X major specification modes are summarized in Table II. The Noise Equivalent Sigma Zero (NESZ) for the different TerraSAR-X modes is between −19 and −26 dB, depending mainly on the antenna pattern, the transmitted power, and the receiver noise (see Table II ). Another critical parameter with respect to the polarimetric system performance is the channel isolation. The channel isolation on transmit (one way) is better than 34 dB and, thus, 10 dB better than the requirement for the space segment. The cross-polarization isolation (also called crosstalk) of SAR images between all polarization channels is at least 24.9 dB [23] .
In all subsequent experiments, bothρ andσ are obtained at variance of the moving averaging window size (3 × 3, 5 × 5, and 7 × 7).
First experiments are relevant to SAR data, where certified oil slicks are present, and then, weak-damping LAs are accounted for.
A. Oil-Spill Observation
The first experiment is relevant to the SSC SAR data gathered on November 16, 2007, 03:52 Coordinated Universal Time (UTC), over Kerch Strait. The TerraSAR-X VV-polarized squared modulus image is shown in gray tones in Fig. 3 . A large low backscatter area, due to an accidental oil spill, is clearly visible. On November 11, stormy seas and galeforce winds in the narrow Kerch Strait, which joins the Black Sea and the Sea of Azov, have wrecked a Volganeft-139 Russian oil tanker, spilling at least 2000 metric tons of fuel oil.
Three regions of interest (ROIs) have been selected within the large polluted area (see Fig. 3 ). Fig. 4(a) shows the normalized radar cross section (NRCS) in decibels that is relevant to ROI-labeled Oil 1 (∼3 × 4 km), where, to better highlight the oil, a parameter scaling procedure, based on the histogram equalization enhancement technique, has been applied.σ andρ maps, obtained by using a 3 × 3 moving window, are shown in gray tones in Fig. 4 (b) and (c), respectively. At this step, no histogram equalization enhancement technique is applied on either image. Fig. 4(b) and (c) shows thatσ (ρ) is higher (lower) within the oilcovered area. In both cases, the oil slick is clearly distinguishable from the background sea. Results confirm the theoretical model which predicts that the Bragg scattering mechanism dominates everywhere but within the oil-covered sea surface. The CPD standard deviation approach makes the oil brighter than the background, while the sample coherence approach makes it darker. In summary, bothσ andρ filters emphasize the presence of the oil with respect to the background sea.
To quantitatively validate these results, a detailed analysis has been undertaken, measuring the oil-covered and slick-free CPD pdfs (see Fig. 5 ). It can be noted that their standard deviation values are completely different, i.e., 85
• and 30
• . The meanρ values, for both slick-free and oil-covered sea surfaces, are more close and equal to 0.53 and 0.91, respectively. To further compare the performances ofσ andρ with respect to oil slick observation, a contrast parameter is defined and adapted to the differentσ andρ outputs
It can be noted that cσ and cρ are equal to 2.83 and 1.72, respectively. This witnesses that the CPD-based approach is able to better enhance the presence of oil slicks over the sea.
Filter outputs obtained using a 5 × 5 (7 × 7) window size are shown for bothσ andρ in Fig. 6(a) and (b) [Fig. 7(a) and (b)], respectively. The values ofσ andρ measured in these cases are listed in Table III , for both oil-covered and slickfree areas, as well as the corresponding cσ and cρ values. Note that, although the CPD performances, evaluated in terms of cσ, do not vary too much with respect to window size, a completely different behavior is exhibited by cρ, which performs better when larger window sizes are employed. This result is consistent with the theoretical studies undertaken in [17] . Hereinafter, only maps obtained by a 3 × 3 moving window are shown to save space. Nevertheless, quantitative analyses, accomplished using different window sizes, are summarized in Table III .
It must be noted that no peculiar trend related to the CPD mean value (ϕ) over the oil-covered and slick-free sea surfaces is revealed in this study even when using different window sizes (see Table III ).
Before proceeding further, it is important to discuss the effects of the NESZ on the proposed polarimetric approach. The effect of noise on the CPD distribution is now analyzed.
The average VV NESZ, equal to −25 dB, has been considered to obtain the images shown in Fig. 8(a) and (b) , where pixels above (below) the NESZ are marked in white (black). Fig. 8(a) shows that most of the noisy pixels belong to the oil-covered area. Accordingly, to quantify the NESZ effect on the CPD pdf, the latter is evaluated within the oil-covered sea surface, including and excluding pixels below NESZ [see Fig. 8(b) ]. The effect of the noise is negligible, as witnessed by the standard deviation values, equal to 82
• and 85
• for noisefree and noisy pdfs, respectively. These results confirm the physical consistence of the proposed approach. Similar results are obtained for theρ-based approach and therefore are not shown to save space. Fig. 9(a) shows the NRCS image (in decibels) related to the ROI-labeled Oil 2 (∼2.5 × 3 km) properly scaled and equalized. The measuredσ andρ maps obtained by using a 3 × 3 moving window are shown in gray tones in Fig. 9(b) and (c) , respectively. Results agree to what formerly experienced and can be quantitatively confirmed analyzing the measured CPD pdfs, Fig. 9(d) , relevant to both oil-covered and the surrounding free sea surface. Also, in this case,σ performs better thanρ (Table III) . Fig. 10(a) shows the NRCS image (in decibels) related to the ROI-labeled Oil 3 (3 × 3 km) properly scaled and equalized. The measuredσ andρ maps obtained by using a 3 × 3 moving window are shown in gray tones in Fig. 10(b) and (c) . The result agrees with earlier findings (see Fig. 10(d) and Table III) .
It must be pointed out that, for all window sizes, the oilcoveredσ (ρ) values relevant to the ROI Oil 2 and Oil 3 are quite smaller (larger) than the one measured within ROI Oil 1 (see Table III ). This is probably due to different environmental conditions along the slick and the weathering processes over the very large polluted area, which affect the oil damping properties.
The second experiment is relevant to the SSC SAR data gathered on July 28, 2009, 04:18 UTC in Black Sea. A VVpolarized NRCS image (in decibels) relevant to an ∼2 × 4 km subscene, properly scaled and equalized, is shown in gray tones in Fig. 11(a) . A low backscatter area, most likely due to an illicit oil discharge since it is very close to a strong scatterer (ship/tanker), is visible.
The measuredσ andρ maps obtained by using a 3 × 3 moving window are shown in gray tones in Fig. 11(b) and (c) , respectively, where features associated to the spillage are clearly visible. The CPD pdfs relevant to the oil-covered sea surface and the surrounding sea are shown in Fig. 11(d) . Results agree with the formerly presented (see Table III ), witnessing the effectiveness of the approaches to detect also illegal spillages.
B. Weak-Damping LA
The third experiment is relevant to the SSC SAR data gathered on November 16, 2007 , 03:52 UTC, over Kerch Strait. A VV-polarized NRCS image (in decibels) relevant to a 3 × 3 km subscene, properly scaled and equalized, is shown in gray tones in Fig. 12(a) . A small low backscatter area, due to marine features, is clearly visible. The measuredσ andρ maps obtained by using a 3 × 3 moving window are shown in gray tones in Fig. 12(b) and (c), respectively. The visual (and subjective) analysis of these results shows that such dark area related to the LA is de-emphasized, but this can be much better witnessed by a quantitative analysis. As a matter of fact, to further validate this result, a quantitative analysis has been undertaken measuring the slick-covered and slick-free CPD pdfs [see Fig. 12(d) ]. The pdfs are practically overlapped, as also confirmed by their standard deviation values (see Table III ). Similar comments apply forρ, whose values are 0.87 and 0.91 for slick-covered and slick-free sea surfaces, respectively.
Moreover, Fig. 12(b) and (c) suggests that the bothσ and ρ filters act as a de-emphasis filters when applied to data in which weak-damping LAs are present, since the latter are de-emphasized with respect to the surrounding sea. This deemphasis capability is confirmed by the measured cσ and cρ close to the unity, independently of the window size used (see Table III ).
The fourth experiment is relevant to the SSC SAR data gathered on June 05, 2009, 05:19 UTC, over the Ischia harbor, off the Gulf of Naples, Italy. A VV-polarized NRCS image (in decibels) relevant to a 3 × 6 km subscene, properly scaled and equalized, is shown in gray tones in Fig. 13(a) . Two straight low backscatter areas due to ship wakes, produced by ferries directed to Ischia Island from Naples and verified by local harbor authority, are visible and labeled as Wake 1 and Wake 2. These LAs are of great interest since, due to their elongated shape, they can be erroneously considered as due to illegal discharges.
The measuredσ andρ maps obtained by using a 3 × 3 moving window are shown in gray tones in Fig. 13(b) and (c), respectively. It can be noted that the features associated to Wake 1 and Wake 2 are de-emphasized in the filtered images. Both approaches are not sensitive to this kind of weakdamping LA. To quantitatively confirm this result, measured slick-free and LA-covered CPD pdfs for both wakes are shown in Fig. 13(d) and (e). The pdfs are practically overlapped, as predicted by the theoretical model (see also Table III) . 
IV. SUMMARY AND CONCLUSION
In this paper, a polarimetric model to read the X-band polarimetric sea surface scattering with and without surface slicks has been proposed for the first time. The model exploits the interchannel correlation between copolarized channels. Two approaches are proposed to estimate the HH-VV interchannel correlation,ρ andσ: The first is based on the complex coherence and is the estimate of the coherence amplitude, while the second is based on the CPD and is the estimate of the CPD standard deviation. Their performances are discussed for X-band polarimetric SAR oil-spill observation.
Experiments undertaken over SSC TerraSAR-X dualpolarimetric (HH-VV) products confirm the soundness of the model and show the superiority of the CPD approach for oilspill observation.
In summary, the key results emerging from this study can be listed as follows.
1) X-band dual-polarimetric SAR data are useful for oil-spill observation purposes. 2) Both approaches show a different sensitivity with respect to oil and weak-damping LA. 3)σ (ρ) values significantly larger (smaller) than slick-free ones are observed over oil-covered sea surface. 4)σ andρ values similar to the slick-free ones are observed over areas where a weak-damping LA is present. 5) No sensitivity of ϕ with respect to oil slick has been found. 6) CPD standard deviation works better than coherence amplitude when smaller window size is employed. This makes the former approach to be preferred for observing illicit oil spills.
Beyond all scientific aspects, the general value of this study is even more in operational terms since one may think to integrate L-, C-, and X-band SAR measurements ensuring much more dense spatial/temporal coverage and resolution. 
